75 As nuclear magnetic resonance (NMR) measurements carried out on underdoped, nonsuperconducting Ca10(Pt3As8)(Fe2As2)5 reveal physical properties that are similar but not identical to the 122 superconductor parent compounds such as BaFe2As2. Results from the single crystal study indicate a phase transition to an antiferromagnetic (AF) state on cooling through T ∼ 100K, albeit nonuniformly. Specifically, the NMR lineshape reflects the presence of staggered hyperfine fields on the As sites associated with a striped AF order. The variation of the internal hyperfine field with temperature suggests that the phase transition to the AF state is discontinuous, and therefore likely coincident with the structural transition inferred from transport experiments.
The report of superconductivity with T c =26K in the iron-based oxy-pnictide compound LaO 1−x F x FeAs 1 initiated exploration of a new family of high-T c superconductors. Soon after, critical temperatures as high as 55K were found by substituting smaller rare earth elements (e.g., Gd 2 , Nd 3 or Sm 4 ) for La in the same so-called 1111-structure. As the search for new FeAsbased superconductors continued, the synthesis of the AFe 2 As 2 materials [5] [6] [7] (forming in the 122-type structure, A=Ba,Sr) represented an important step forward for experimental efforts. In these materials, large and good-quality single crystals could be grown by the selfflux method 8 and, moreover, the introduction of carriers through various doping strategies could in many cases be well-controlled. The combination of these two factors allowed for systematic studies of the physical properties of these compounds, as well as for the in-depth exploration of hotly debated problems such as the interplay between magnetism and superconductivity 9, 10 .
Both the parent compounds LaOFeAs and BaFe 2 As 2 exhibit a structural transition, followed by or coincident with striped antiferromagnetic (AF) order. For LaOFeAs, a transition from tetragonal to orthorhombic structure takes place at T s =155K, and an AF transition happens at a lower temperature, T N =142K 11 . In contrast, in BaFe 2 As 2 , both transitions take place at the same temperature, T s = T N =140K
12 , but T N < T s after electron-doping, i.e. replacing Fe for either Co or Ni 10, 13 . Nevertheless, in both the 1111-type and the 122-type compounds, it has been suggested that the suppression of the AF transition by chemical doping is associated with the formation of the superconducting ground state 8, 14, 15 .
Recently, two more complex superconductors in the Ca-Pt-Fe-As chemical system have been found and synthesized, allowing for the study of Fe-based superconductors with weaker interlayer dispersion [16] [17] [18] . The first, Ca 10 (Pt 3 As 8 )(Fe 2 As 2 ) 5 (the 10-3-8 phase), has triclinic crystal structure, while the other, Ca 10 (Pt 4 As 8 )(Fe 2 As 2 ) 5 (the 10-4-8 phase), possesses higher, tetragonal symmetry. In both compounds, the skutterudite spacer layer (Pt-As) is sandwiched by Ca ions, as shown in the inset of Fig. 1a , which leads to a significantly greater distance between neighboring FeAs layers than reported previously. The superconducting critical temperature can be tuned by Pt substitution on the Fe site, with its highest value being T c =38K
19 . In the case of 10-3-8, (α, β, γ)=(94.74,104.34,90.00) 16, 20 , and (a,c)=(8.759,10.641) with a = b. Below, we write the c * direction such that c * ⊥ (ab), and, for the magnetic field B 0 applied along this direction, it is B 0 c * ⇒ θ = 0.
A break in slope in the resistivity-temperature curve at T s ∼100K in the undoped or lightly-doped 10-3-8 material indicates a structural transition 17 , which was also verified by polarized-light optical images 21 . A superconducting ground state is found at higher carrier concentrations, x > 0.025 − 0.030, where x is the fraction of the Fe sites occupied by Pt, and the onset appears coincident with complete suppression of the structural transition. Nevertheless, no accompanying anomaly in the magnetic susceptibility has yet been reported 16, 17 , casting doubt on the presence of a magnetic ground state. Consequently, it was suggested that the weak interlayer exchange suppresses the long-range magnetic order 17 , even if AF spin fluctuations remain significant for producing superconductivity. Nuclear magnetic resonance (NMR) measurements serve as a local probe of the magnetic state, and, thus, provide an ideal tool for the investigation of the 10-3-8 system, and specifically to determine whether the ground state is antiferromagnetic.
Here we report 75 As NMR experiments on a Ca 10 (Pt 3 As 8 )(Fe 2 As 2 ) 5 single crystal for a wide range of temperature (T =1.65K-115K) and applied magnetic field (B 0 =5T-11T) values. Most of the results are qualitatively and quantitatively similar to that obtained from the 122 compounds, whereas some differences are observed in the temperature dependence of the spin lattice relaxation rate (1/T 1 ).
The Ca 10 (Pt 3 As 8 )(Fe 2 As 2 ) 5 single crystal reported on here was prepared and characterized using methods described previously 16 . In this case, nominal Pt substitution at the Fe sites leads to a doping level of x = 0.004 ± 0.002 as determined by wavelength dispersive spectroscopy (WDS) electron probe microanalysis 21 . The dimensions of the crystal studied are ∼3mm×1mm×0.3mm. The resistance curve shown in the inset of Fig. 2a depicts measurements on a crystal from the same batch; transport properties of several additional crystals were examined, and in each case a change in slope in the range 95-105K was observed, suggestive of a phase transition at a temperature T s that showed variation of approximately ±5K from one crystal to another.
The coil containing the sample was mounted on a piezo rotator, which allowed for an alignment precision of less than 1
• . The temperature was regulated in a gas-flow 4 He cryostat with variations limited to δT /T < 1%. Field-swept NMR spectra were constructed by recording standard Hahn spin echo transients from the 75 As nuclear spins (I=3/2). Our expectation was for two very different As environments, since in addition to the FeAs layers, there are distant sites in the Pt-As skutterudite layer (see inset of Fig. 1a) . However, only one environment was detected under our experimental conditions. Given the similarity of the results to those obtained for other FeAs-based compounds, we associate our observations with the 75 As nuclear spins nearby the Fe ions. It is likely that the contribution from the skutterudite sites is suppressed due to the weak hyperfine coupling to the Fe spins, which then results in saturation of the associated transitions and very long relaxation times T 1 . By itself, the weak coupling is not sufficient, since ordinarily the two spin populations will undergo mutual spin-flip transitions as a result of the nuclear dipolar interaction. However, significant hyperfine fields at the sites in the FeAs layers shifts the relative transition frequencies, and could render this mechanism ineffective. Spectra recorded at T =110K and 1.65K are shown in Fig. 1 . The spin of the 75 As nucleus is I=3/2, and thus its electric quadrupole moment is nonzero and couples to the lattice's electric field gradient (EFG). Hence, the resonance frequencies are given by the eigenvalues of the Hamiltonian
Here, γ = 7.292MHz/T is the 75 As nuclear gyromagnetic ratio, ν Q is the quadrupole frequency, η the asymmetry parameter, and B ef f ≡ B 0 + δB, where δB is the total internal field. For large magnetic fields (γ B 0 ≫ hν Q ) aligned with the principle axis z of the EFG, satellite transitions (I z = (±1/2 ↔ 3/2)) are separated from the central transition (1/2 ↔ −1/2) by ν Q . Here, z is expected to be close to c * . For T = 110K, in the paramagnetic phase, the linewidth (FWHM) of the central transition is δν ∼200kHz (400kHz) for B 0 (⊥)c * , and the satellite transitions are separated from the central by the quadrupole frequency ν Q =9.0(2)MHz (the NMR parameters are summarized in Table I, just in the FeAs layers, as well as evidence for disorder that will be discussed further below.
At low temperature (Fig. 1b) , the spectrum for B 0 c * , covering the field range 5T→11T, is split into two sets of three maxima 27 . This results from the hyperfine coupling of the 75 As nuclei to the ordered Fe atomic moments, signaling the presence of long-range AF order. The spectral features are identified and labelled according to nuclear transition, as is the splitting 2B int ≃3T arising from the alternating hyperfine field. The observed peaks are relatively broad, indicating substantial real space variations of the internal field. For B 0 ⊥ c * , the spectrum remains non-split, even though broadened compared to the paramagnetic phase.
The internal field B int corresponds to one half of the 
2 . For Ca10(Pt3As8)(Fe2As2)5, the reported value is an average value for the unresolved symmetrically inequivalent sites.
peak separation of the corresponding nuclear transitions for B 0 c * . Upon rotation, the spectrum evolves as summarized in the inset of Fig. 1b for the central transition, and any remaining magnetic splitting is unresolved for θ = 90
• . Just as for the 1111 26 and 122 28,29 compounds, our observations are consistent with striped-phase antiferromagnetism, but with substantially more disorder. That is, the AF order is described by the wave vector Q =(1,0,n), with n=0,1.
Having established that the underdoped material has an AF ground state, we now consider the identification of the ordering temperature and whether it is distinct from the structural transition at T s ∼ 100K. This distinction is difficult to make under the circumstances of broadened spectra, and what we determined to be a spatially inhomogeneous onset of the magnetic order in the crystal employed. The onset of spectral broadening due to static magnetism is evident in Fig. 2a , which illustrates the loss of the echo signal intensity originating from the paramagnetic phase. The onset occurs for T ∼ 100K, below which the change is monotonic and continuous. We take the magnetic ordering temperature to coincide with this onset, yielding T N = 100K. Note also that the spectral linewidth associated with the intensity shown in Fig. 2a remains unchanged even while the intensity is falling so significantly.
To address the question of whether the transition is continuous or discontinuous, or spatially inhomogeneous, we compare the temperature dependence of the internal field B int to that obtained from the chemically and structurally less complex, clean material BaFe 2 As 2 23 in Fig.  2b , each normalized to T N . Based on this comparison, the two materials behave analogously, and we therefore conclude that the transition to the low temperature magnetic state is discontinuous for the ideal 10-3-8 phase, and therefore also that it coincides with the structural transition: T s = T N ; in contrast, a significantly smoother falloff of the internal field is seen in Co-doped BaFe 2 As 2 , for which T N < T s 15 . Below we refer to T s , T N generally as the transition onset temperature, T =100K. Although the order parameter for the structural transition forming below T s has not been identified, the link with AF striped order is suggestive of a low-temperature triclinic phase (since the high-symmetry phase is already triclinic), but with a = b.
The variation of the spin lattice relaxation with temperature, shown in Fig. 3 , was evaluated by approaching the transition from both higher and lower temperatures. The high-temperature data includes results from the central transition (-1/2↔1/2) at θ=0,90
• . From the spectroscopic data, we concluded that the paramagnetic phase continues to exist but in spatially-segregated regions for .4524Tc * and rf carrier ν=61.715MHz. A notable drop in intensity occurs below T =100K, which is interpreted as marking the onset of AF order. The inset plots the in-plane resistance R(T ), normalized to its room temperature value, for another crystal in the same preparation batch. (b) Internal field measured at the 75 As site for θ = 0
• , normalized to the low-temperature value Bint(T → 0) ≃1.5T. The results are contrasted to those obtained for BaFe2As2 23 . Axes are normalized to the internal field for T → 0, and Néel temperature, respectively. Inset: Unnormalized data. The shaded area highlights the temperature range where a detailed spectrum was impossible to derive due to the spatially inhomogeneous emergence of the AF order within the sample. T < T N . Here, the data for T >80K (solid symbols) are associated with the paramagnetic volume fraction. On approaching the transition from lower temperatures from within the magnetic phase (hashed symbols), the measurements were done with θ=90
• , over a temperature range from 1.7K to 75K. For both cases, the values of T
−1 1
were defined by comparing the magnetization recovery M z (t) according to the expectation for magnetic relaxation of the I = 3/2 central transition,
The data were well-described by the expression Eq. 1 for 10K≤ T ≤ 50K. For T <10K, the reported values were obtained from the same procedure, even though the magnetization recovery was consistent with a distribution of relaxation times. Specifically, a stretched exponential analysis (δM (t) ∼ e −(t/T1) β ) results in β = 0.5 − 0.6. On warming past T =50K from the magnetic phase, the data are not well-described using the functional form in Eq. 1. This discrepancy in the detailed behavior may again be associated with chemical inhomogeneity in the material.
The increase of the relaxation rate upon cooling in the paramagnetic phase is characteristic of AF spin fluctuations and is stronger than for the 122 compounds 22, 23 . Note that the data collected in the paramagnetic phase is associated with a significantly decreasing volume fraction for T <100K, the temperature of onset for the spatially inhomogeneous AF order. Once far into the magnetic phase, the relaxation rate first drops by an order of magnitude, but reaches a constant value below 50K. This aspect appears different than the other materials, which exhibit relaxation rates decreasing much more steeply upon cooling. A possible explanation is in fluctuating domains or other dynamical effects, such as those associated with motion of discommensurations. In any case, if the origin is with slow collective dynamics, then the rate will be found dependent on the Larmor frequency.
To conclude, we have performed NMR spectroscopy on a single crystal of non-superconducting Ca 10 (Pt 3 As 8 )(Fe 2 As 2 ) 5 . The ground state is antiferromagnetic, with wave vector Q =(1,0,n) (n=0,1), and forming inhomogeneously below the onset temperature T N =100K. The results are similar in character and amplitude to what is observed in other FeAs compounds that are known to develop striped antiferromagnetism. Variation of the magnetic order parameter with increasing temperature is relatively weak, and reminiscent of what is seen for a first order phase transition. Moreover, since T N coincides approximately to where anomalies in transport have been associated with a structural transition, we suggest that T N ≃ T s . Our NMR measurements in the vicinity of T N are not straightforward to interpret due to the inhomogeneous onset and broadened spectra. A large and temperature-independent relaxation rate of the magnetic phase, extending from T >10K is not present in less complex iron arsenides, and possibly originates from the disorder in this system. 
Note:
The sample quality has been significantly improved recently and further investigation on Ca 10 (Pt 3 As 8 )(Fe 2 As 2 ) 5 crystals which exhibit clear features in the resistivity, susceptibility and heat capacity is underway.
